Breast cancer, the most common malignancy in women, is a heterogeneous disease with substantial diversity in histological and molecular characteristics, which can be divided into four major molecular subtypes: luminal A, luminal B, triple-negative/basal-like and HER2 type ([@bib21]; [@bib23]; [@bib32]; [@bib34]; [@bib5]). Of them, triple-negative breast cancers (TNBC) represent ∼15--20% of all breast cancers and is characterised by lack of oestrogen receptor (ER), progesterone receptor and human epidermal growth factor receptor 2 (HER2). TNBC highly express epidermal growth factor receptor-1 (EGFR) and are highly proliferative, aggressive and resistant to systemic chemotherapies ([@bib3]; [@bib4]). Consequently, the outcome for these patients is poor compared with ER+ and HER2+ cancers. Approximately 30--40% of deaths are caused by recurrence and metastasis of TNBC. Even though EGFR inhibitors have shown some promise for treating TNBC, no FDA-approved targeted therapies have improved patient outcome for TNBC ([@bib7]; [@bib10]; [@bib16]; [@bib24]; [@bib29]). Therefore, a better understanding of the molecular events underlying the metastasis of TNBC is important for its prevention, diagnosis and treatment.

MicroRNAs (miRNAs) are highly conserved small non-coding regulatory RNAs with sizes of 17--25 nucleotides. As posttranscriptional regulators, miRNAs can negatively regulate gene expression by binding directly to the 3′ untranslated region (3′-UTR) of corresponding target messenger RNAs (mRNAs) in a sequence-specific manner, which induces mRNA degradation or protein translation repression ([@bib1]; [@bib2]; [@bib9]; [@bib14]; [@bib35]). Mounting evidence links miRNAs to the initiation, promotion and progression of cancer, and miRNAs play critical roles in pathological processes of breast cancer, such as cell proliferation, metastasis, migration and DNA methylation ([@bib17]; [@bib8]; [@bib31]; [@bib13]). Although the importance of miRNAs in metastasis has attracted much attention in recent years, the pathological relevance and significance of the majority of miRNAs in TNBC remain unclear.

In this study, using miRNA array, we found that miR-211-5p was downregulated in TNBC and that its expression levels were associated with overall survival in breast cancer. Furthermore, miR-211-5p inhibited TNBC cell proliferation, invasion, migration and metastasis *in vitro* and *in vivo* by targeting SETBP1. Enforced expression of miR-211-5p inhibited the expression of SETBP1 significantly and the restoration of SETBP1 expression reversed the inhibitory effects of miR-211-5p on TNBC cell proliferation and metastasis. These findings show that miR-211-5p functions as a tumour suppressor in TNBC development, which could provide a promising prognostic and therapeutic strategy for TNBC treatment.

Materials and methods
=====================

Clinical samples
----------------

Between March 2011 and September 2015, tissue samples including 82 triple-negative breast cancer tissues (TNBC), 68 corresponding normal adjacent tissues, 98 non-triple-negative breast cancer tissues (NTNBC) and 87 corresponding normal adjacent tissues were obtained from the routine therapeutic surgery of patients. In addition, 82 serum samples from TNBC patients and 68 serum samples from normal controls were also obtained. All these patients did not receive any anti-tumour treatment and all specimens were confirmed by pathology. The pathological data of TNBC were described in [Supplementary Table 1](#sup1){ref-type="supplementary-material"}. This study protocol was approved by the Ethics Committee of our institution, and written informed consent was obtained from each participant.

Cell lines and transfection
---------------------------

The following cell lines were obtained from the American Type Culture Collection (Manassas, VA, USA), that is, MDA-MB-231, MDAMB-361, MDA-MB-435, MDA-MB-468, MCF-7, T47D, BT-474, BT-20 and BT-483 and normal mammary epithelial cell lines (HBL-100, 184A and MCF-10A). Cells were cultured in RPMI 1640 (Gibco-BRL, Karlsruhe, Germany), supplemented with 10% fetal bovine serum (FBS) (Gibco-BRL) and 100 U ml^−1^ of penicillin and streptomycin (Gibco-BRL), and maintained at 37 °C with 5% CO~2~. All transfections were performed using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) following the manufacturer's instructions. MiR-211-5p mimic, miR-211-5p inhibitor and their related negative control (Applied Biosystems, Foster City, CA, USA) were transfected into cells at a concentration of 50 nM, and the cells were maintained 48 h after transfection. Constructs containing shSETBP1 and its negative control shRNA, pcDNA3.1-SETBP1 and its vector pcDNA3.1 were used. The constructs were transfected into cells at a concentration of 4 *μ*g, and selected by neomycin at 48 h after transfection.

Lentivirus preparation
----------------------

Lentiviral vector expressing pre-miR-211-5p plasmid (lenti.miR-211-5p) and lenti.GFP (control) were generated by removal of GFP from pRRLsinpptCMV.GFP.WPRE by BamHI/SalI digestion and ligation of pre-miR-211-5p sequence. Lenti.GFP served as control. Lentiviral vectors were produced by co-transfection of cell and the virus harvested by ultracentrifugation of the supernatant. Viral p24 concentration was determined by immunocapture (Alliance, Perkin Elmer Life Sciences Inc., Anaheim, CA, USA) and transducing activity quantified. Cells were plated 24 h prior to infection, incubated with fresh media containing the required multiplicity of infection per cell (m.o.i.) of virus, left for 1 h, washed and maintained until harvesting. All lentivirus infections were performed in the presence of 8 *μ*g ml^−1^ polybrene (Sigma, Poole, UK).

RNA isolation
-------------

Total RNA was isolated using TRIzol (Invitrogen, Carlsbad, CA, USA) and RNeasy mini kit (Qiagen, Valencia, CA, USA) according to the manufacturers' protocol. Subsequently, RNA was eluted in 50 *μ*l of nuclease-free water, and stored at −80 °C for further analysis. The RNA concentration was measured using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA).

Microarray analysis
-------------------

Ten TNBC tissues and 10 corresponding normal adjacent tissues (also serum samples) were randomly selected for miRNA array analysis. Samples were prepared according to Affymetrix protocols (Affymetrix, Santa Clara, CA, USA). RNA quality and quantity was ensured using the Bioanalyzer (Agilent, Santa Clara, CA, USA) and NanoDrop (Thermo Scientific, Waltham, MA, USA), respectively. Per RNA labelling, 500 ng of total RNA was used in conjunction with the Affymetrix recommended protocol for the HG_U133_Plus 2.0 chips. The hybridisation cocktail containing the fragmented and labelled cDNAs was hybridised to the Affymetrix Human HG_U133_Plus 2.0 GeneChip. The chips were washed and stained by the Affymetrix Fluidics Station using the standard format and protocols as described by Affymetrix and the Affymetrix GeneChip Scanner 3000 was used to scan the probe arrays. Gene expression intensities were extracted using Affymetrix AGCC software. Partek Genomic Suite was used to RMA normalise (Robust Multichip Analysis), summarise, log2 transform the data and run the ANOVA analysis.

Quantitative RT--PCR analysis
-----------------------------

Reverse transcription (RT) and quantitative RT--PCR (qRT--PCR) reactions were performed by means of a qSYBR-green-containing PCR kit (Qiagen, Germantown, MD, USA). The fold change was determined as 2^−ddCt^, where Ct is the fractional cycle number at which the fluorescence of each sample passes the fixed threshold. The dCt was calculated by subtracting the Ct of snRNA U6 from the Ct of the miRNA of interest. The ddCt was calculated by subtracting the dCt of the reference sample (paired non-tumourous tissue for the surgical samples, and MCF-10 cells for the nine breast cancer cell lines) from the dCt of each sample. The sequences of the specific primers for miR-211-5p and U6 snRNA were 5′-GATGCTGTAATGGATGATATGA-3′ and 5′-ATTGGAACGATACAGAGAAGATT-3′, respectively. The primers for the qRT--PCR detection of SETBP1 mRNA were synthesised by Invitrogen: forward, 5′-CAGAAGCCCAAACCAAAA-3′ and reverse, 5′-TTCAGTCAGCACCTTATCAG-3′. All of the real-time PCR assays were performed with the Bio-Rad (Hercules, CA, USA) IQTM5 Multicolour Real-Time PCR Detection System (USA).

Luciferase constructs and reporter assay
----------------------------------------

For construction of the wild-type SETBP1 3′UTR-Luc reporter plasmid, a fragment of the 3′UTR of the *SETBP1* gene, including the predicted miR-211-5p-binding site, was PCR amplified using the primer sets: forward 5′-CTCGAGTAACCGTATTGTTCGCGTCATGCCAGCA-3′ and reverse 5′-GCGGCCGCCAGACCATGTGTCCCATTTG-3′, and then cloned into psi-CHECKTM-2 vector downstream of Firefly Luciferase with XhoI and NotI. To produce constructs that bear mutations at a putative miR-211-5p-binding site in wild-type SETBP1 3′UTR, site-directed mutagenesis was performed. The wild-type SETBP1 3′UTR constructs were mutated with the following oligonucleotide primer sets: forward 5′-GGTTCTGTGAACAATTGGCAG TAAGTTATC-3′ and reverse 5′-GATAACTTACTGCCAATTGTTCACAGAACC-3′. The PCR mixture had 0.7 *μ*l of expand long-range enzyme mix (Roche, Mannheim, Germany), 10 *μ*l of 5 × expand long-range buffer, 100 ng of plasmid template, 100 n[M]{.smallcaps} of primers, 3 *μ*l of DMSO and 2.5 *μ*l of dNTPs (10 m[M]{.smallcaps}). PCR cycling conditions were as follows: 92 °C for 30 s, 55 °C for 1 min, 68 °C for 10 min and a final extension at 68 °C for 10 min. After PCR, 20 *μ*l of the reaction was digested with DpnI at 37 °C for 1 h, and 10 *μ*l was transformed into DH5 alpha *E. coli* to prepare the mutant construct plasmids. All constructs were confirmed by sequencing (Cosmogenetech). Cells were transfected with combinations of wild type or mutant-type SETBP1 3′UTR-Luc reporter plasmid and mimic control (Applied Biosystems), miR-211-5p mimic (Applied Biosystems), inhibitor control (Applied Biosystems) and miR-211-5p inhibitor (Applied Biosystems) using Lipofectamine 2000. Forty-eight hours after transfection, luciferase activity was determined with a Dual-Glo Luciferase Assay system (Promega, Madison, WI, USA), according to the manufacturer's instructions. All assays were performed in triplicate.

Colony formation assays
-----------------------

Cells were suspended in DMEM containing 0.35% low-melting agarose and plated onto solidified 0.6% agarose containing DMEM in six-well culture plates at a density of 1 × 10^5^ cells per dish. The plates were incubated for 2 weeks at 37 °C in a 5% CO~2~ incubator, and the number of colonies was counted after staining with 0.1% crystal violet solution.

Flow cytometry
--------------

Apoptosis was evaluated by staining cells with both Annexin V-FITC and PI, according to the manufacturer's instructions. Annexin V-FITC was employed to quantitatively determine the percentage of cells undergoing apoptosis. It relies on the property of cells to lose membrane asymmetry in the early phase of apoptosis. In apoptotic cells, the membrane phospholipid phosphatidylserine is translocated from the inner leaflet of the plasma membrane to the outer leaflet, thereby exposing phosphatidylserine to the external environment. Cells that were positively stained with Annexin V-FITC and negatively stained for PI were considered apoptosis. Cells that were positively stained for both Annexin V-FITC and PI were considered necrosis. To quantitate apoptosis, the cells were washed with cold phosphate-buffered saline solution and then resuspended in binding buffer (10 mmol l^−1^ HEPES (*N*-2-hydroxyethylpiperazine-*N*'-2-ethanesulphonic acid)/NaOH (pH 7.4), 140 mmol l^−1^ NaCl and 2.5 mmol l^−1^ CaCl~2~). The cells were stained with 5 *μ*l Annexin V-FITC and 10 *μ*l PI and then analysed with EpicsAltra (Beckman Coulter, CA, USA) FCM.

TUNEL assays
------------

Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labelling (TUNEL) staining kit (Roche) was used to analyse the cell apoptosis, by following the manufacturer's instructions.

Cell proliferation assay
------------------------

MDA-MB-231 and MDA-MB-435 cells were seeded in 24-well plates overnight and then transfected with blank, miR-211-5p mimic and miR-211-5p inhibitor) (final concentration 200 n[M]{.smallcaps}). Afterwards, cells were trypsinised and counted, seeded in 96-well plates (in triplicate) for an MTT assay at a density of 8000 cells per well (MDA-MB-231) or 10 000 cells per well (MDA-MB-435), and incubated at 37 °C for 24 h. Then, at 24, 48 and 72 h after cell seeding, 10 *μ*l MTT (0.5 mg ml^−1^; Sigma-Aldrich, St Louis., MO, USA) was added to each well (20 *μ*l per well), and the cells were maintained at 37 °C for another 4 h. The medium was removed, and the precipitate was dissolved in 100 *μ*l DMSO (Sigma). After shaking for 15 min, the absorbance at 570 nm (A570) was measured using an ELISA reader at a wavelength of 570 nm.

Transwell invasion and migration assay
--------------------------------------

Invasion assay was performed with the Transwell chamber with 8 *μ*m pores (Corning, Tewksbury, MA, USA). Fifty microliters diluted matrigel (2 mg ml^−1^, BD Biosciences, Bedford, MA, USA) was placed on the inner surface. MDA-MB-231 and MDA-MB-435 cells were transfected for 24 h and isolated to make a final concentration at 2 × 10^5^ ml^−1^, which then placed on the top chamber. RMPI1640 with 20% FBS was added to the bottom chamber. After 24 h, non-invading cells were removed from the top of the matrigel with a cotton-tipped swab. Invading cells at the bottom of the matrigel were fixed in methanol and stained with crystal violet. The invasiveness was determined by counting the penetrated cells under a microscope at × 200 magnification of five random fields in each well. Each experiment was performed in triplicate. For the transwell migration assay, the process was similar with the transwell invasion assay except the inner surface of the chamber without matrigel.

EdU assay
---------

Cell proliferation was measured using EdU kits (RIBOBIO, Shanghai, China) according to the manufacturer's instructions to analyse the incorporation of EdU during DNA synthesis. Assays were performed in triplicate.

Wound-healing migration assay
-----------------------------

MDA-MB-231 and MDA-MB-435 cells were transfected for 24 h, and isolated to make a final concentration at 2 × 10^5^ ml^−1^, which then plated in 12-well plates (2 × 10^5^ per well) for 24 h. When the cells reached 90% confluence, sterile pipette tips were used to scratch the wound uniformly. Cell motility was assessed by measuring the movement of cells into a scraped wound. The speed of wound closure was monitored after 72 h by measuring the distance of the wound from 0 h. Each experiment was conducted in triplicate.

*In situ* hybridisation analysis and immunohistochemistry analysis
------------------------------------------------------------------

*In situ* hybridisation (ISH) procedures were carried out as previously described. MiR-211-5p miRCURYTM LNA custom detection probes (Exiqon, Vedbaek, Denmark) were used for ISH. The 5′--3′ sequence (enhanced with LNA) was UACAGUACUGUGAUAACUGAA with digoxigenin at the 5′ and 3′ ends. Hybridisation, washing and scanning were performed according to the manufacturer's instructions. Staining intensity was scored as 0 (negative), 1+ (weak), 2+ (medium) or 3+ (strong). Low expression was defined as a staining intensity of 0, 1, 2 or 3 with \<10% of cells being stained or an intensity of 0 or 1 with \<50% of cells stained. High expression was defined as an intensity of 2 or 3 with \<10% of cells stained or an intensity of 1, 2 or 3 with \<50% of cells. Immunohistochemistry was performed on tissue microarray sections using anti-SETBP1 antibody (Santa Cruz, CA, USA). The complex was visualised with streptavidin/peroxidase and DAB complex, and the nuclei were counterstained with haematoxylin. The intensities of miR-211-5p and SETBP1 staining were scored between 0 and 4 according to a previous description.

Western blot
------------

Protein was extracted from TNBC cell lines using RIPA lysis buffer with a proteinase inhibitor. The protein concentration in the lysates was measured with the Protein BCA Assay Kit (Bio-Rad), and 20 *μ*g of protein mixed with 2 × SDS loading buffer was loaded per lane. The proteins in the lysates were separated by 12% SDS polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membranes (Millipore Corporation, Billerica, MA, USA). To block nonspecific binding, the membranes were incubated at room temperature for 1 h with 5% skim milk powder. The membranes were then incubated for 12 h at 4 °C with an antiserum containing antibodies against SETBP1 purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). A peroxidase-conjugated secondary antibody and ECL western blotting detection reagents were used to visualise the target proteins (ECL Millipore Corporation), which were quantified with a Bio Image Intelligent Quantifier 1-D (Version 2.2.1, Nihon-BioImage Ltd., Japan). An anti-GAPDH antibody (1 : 5000, Abcam, Cambridge, UK) was used as a protein loading control.

Mouse xenograft model
---------------------

The breast cancer model in nude mice was constructed as previously described. A total of 2 × 10^6^ MDA-MB-231 cells infected with miR-211-5p or scramble viruses were propagated and inoculated subcutaneously into the dorsal flanks of nude mice (five in each group). The tumour size was measured every 4 days. After 28 days, the mice were killed, necropsies were performed and the tumours were weighed. The tumour volumes were determined according to the following formula: *A* × *B*2/2, where *A* is the largest diameter and *B* is the diameter perpendicular to *A*.

To determine the effect of miR-211-5p on TNBC metastatic behaviour *in vivo*, we performed a mouse orthotopic mammary xenograft tumour model study by injecting 4T1 or miR-211-5p overexpression 4T1 cells into the mammary fat pad (eight in each group). The bioluminescence procedure was performed. The numbers of micrometastases in the lung from spontaneous metastasis after orthotopic injection of 4T1 cells were analysed by morphological observation. Cell proliferation (Ki67) was also evaluated. All of the animal procedures were carried out with ethical committee approval and meet the standards required by the UKCCCR guidelines ([@bib33]).

Statistical analysis
--------------------

The statistical analyses were performed using SPSS 17.0 software (SPSS Inc, Chicago, IL, USA), and graphs were generated using GraphPad Prism 5 Software (GraphPad Software, Inc, La Jolla, CA, USA). Paired *t*-test, Student's *t*-test and Kruskal--Wallis tests were used to analyse miRNA and gene expression. An ANOVA was also performed comparing more than two groups. The Pearson's correlation test was employed to evaluate the associations. Overall survival curves and relapse-free curves were plotted according to the Kaplan--Meier method, and the log-rank test was used for comparison. Survival was counted from the day of the surgery. All of the differences were statistically significant at the *P*\<0.05 level.

Results
=======

Identification of miRNAs differentially expressed in TNBC tissues
-----------------------------------------------------------------

We identified 14 289 miRNAs expressed in TNBC tissues and 2107 were upregulated and 1623 were downregulated significantly when compared with normal adjacent tissues (fold change ⩾2, *P* value \<0.05) ([Figure 1A](#fig1){ref-type="fig"}). These differentially expressed miRNAs were chosen for further study only when they met the following criteria: (1) having at least 20 copies of miRNA expression; (2) mean fold change \>6 or \<0.2; and (3) *P* values \<0.05. On the basis of these criteria, 18 miRNAs, of which 11 miRNAs were upregulated and 7 miRNAs were downregulated in TNBC patients compared with controls, were chosen for further validation ([Figure 1B](#fig1){ref-type="fig"}). Also, the miRNA expression profile in serum from TNBC patients were presented ([Figure 1C](#fig1){ref-type="fig"}), which was consistent with that in TNBC tissues.

In the training set, miRNAs were measured in a separate set of samples from 10 TNBC patients and 10 controls of the previous step. Only miRNAs with a mean fold change \>6 or \<0.2 and a *P* value \<0.01 were selected for further analysis. Using the above-mentioned criteria, miR-188-5p, miR-140 and miR-211-5p were observed to be significantly dysregulated in TNBC patients compared with controls ([Table 1](#tbl1){ref-type="table"}).

In the validation set, the concentration of miR-188-5p, miR-140 and miR-211-5p were measured by qRT--PCR in a larger cohort comprising of 82 patients and 68 controls. The miR-211-5p expression pattern in the validation set was consistent with those in the training set. Compared with the controls, the level of miR-211-5p was significantly lower in TNBC patients ([Table 1](#tbl1){ref-type="table"}). Thus, we focused on miR-211-5p for further study. The workflow of the study design is shown in [Supplementary Figure 1](#sup1){ref-type="supplementary-material"}.

MiR-211-5p is downregulated in TNBC
-----------------------------------

MiR-211-5p was highly expressed in normal mammary cell lines, while its expression level in some tumour cell lines was low, particularly those classified as basal-like ([Figure 1D](#fig1){ref-type="fig"}). Then, miR-211-5p was measured in 82 TNBC tissues and 68 matched adjacent tissues and in 98 pairs of NTNBC tissues and 87 matched adjacent tissues. The results demonstrated that the level of miR-211-5p was downregulated in TNBC tissues when compared their matched adjacent tissues ([Figure 1E](#fig1){ref-type="fig"}). However, the miR-211-5p level was only slightly reduced in NTNBC tumours. Of note, the miR-211-5p level was significantly reduced in TNBC compared with NTNBC ([Figure 1E](#fig1){ref-type="fig"}). In addition, its expression level was associated with overall survival in TNBC ([Figure 1F](#fig1){ref-type="fig"}).

MiR-211-5p suppress cell proliferation and induce apoptosis *in vitro*
----------------------------------------------------------------------

To illustrate the function of miR-211-5p in TNBC, miR-211-5p was overexpressed in MDA-MB-231 and MDA-MB-435 cell lines by transfecting miR-211-5p mimic, followed by RT--qPCR ([Figure 2A](#fig2){ref-type="fig"}). Further, cell proliferation was measured by the CCK-8 ([Figure 2B](#fig2){ref-type="fig"}) and EdU assay ([Figure 2C](#fig2){ref-type="fig"}), and miR-211-5p significantly suppressed cell proliferation in MDA-MB-231 and MDA-MB-435 cell lines. Moreover, relative to the NC group, colony formation was inhibited by miR-211-5p in MDA-MB-435 and MDA-MB-231 cells in soft agar assay ([Figure 2D](#fig2){ref-type="fig"}). In addition, flow cytometry (FCM) indicated similar cell cycle distribution and apoptosis in cells with knockdown of miR-211-5p through induction of G0/G1 phase arrest ([Figure 2E and F](#fig2){ref-type="fig"}). The data collectively indicated that miR-211-5p inhibits cell proliferation and induces apoptosis.

MiR-211-5p can suppress breast cancer cells invasion and migration
------------------------------------------------------------------

To further investigate whether miR-211-5p affects cell metastasis, transwell assay and wound-healing assay were performed. Transwell invasion assay with matrigel demonstrated that miR-211-5p mimic can inhibit the invasion of MDA-MB-231 and MDA-MB-435 cells by 76% ([Figure 3A](#fig3){ref-type="fig"}), and transwell migration assay without matrigel further showed that miR-211-5p can suppress MDA-MB-231 and MDA-MB-435 cells migration by 89% ([Figure 3B](#fig3){ref-type="fig"}). Furthermore, we used wound-healing assay to detect the function of miR-211-5p on cell migration. As shown in [Figure 3C](#fig3){ref-type="fig"}, the miR-211-5p mimic inhibited the potential of MDA-MB-231 and MDA-MB-435 cells migration. These results suggested that miR-211-5p can suppress breast cancer cells invasion and migration.

The effect of miR-211-5p on tumorigenesis and metastasis in a xenograft model
-----------------------------------------------------------------------------

To directly evaluate the role of miR-211-5p in tumour formation and growth *in vivo*, the xenograft model of human TNBC cells in nude mice was adopted. Briefly, MDA-MB-231 cells infected with miR-211-5p mimic or mimic control lentivirus were injected subcutaneously into each flank of nude mice. After the cells were injected, the tumour volume was monitored every 4 days, and the growth curves of the tumours were plotted accordingly. Finally, all of the mice were killed to harvest the xenograft. It is obvious that the mean volume and weight of the tumours generated from the miR-211-5p overexpression group was significantly lower compared with the control group ([Figure 4A--C](#fig4){ref-type="fig"}). Then, we studied the effect of miR-211-5p on tumour metastasis *in vivo*. We performed a mouse orthotopic mammary xenograft tumour model study by injecting 4T1 or miR-211-5p overexpression 4T1 cells into the mammary fat pad. The bioluminescence image showed that miR-211-5p can effectively inhibit lung metastasis ([Figure 4D](#fig4){ref-type="fig"}). After 8 weeks, the mice were anaesthetised, and their lungs were dissected. Haematoxylin and eosin staining was performed to evaluate the tissue morphology ([Figure 4E](#fig4){ref-type="fig"}). As shown in [Figure 4E](#fig4){ref-type="fig"}, a significantly lower number of macroscopic lung metastases could be observed in mice infected with miR-211-5p mimic. In addition, miR-211-5p can inhibit tumour cell proliferation ([Figure 4F](#fig4){ref-type="fig"}). These results indicate that miR-211-5p may repress TNBC proliferation and metastasis.

Validation of SETBP1 as a direct downstream target of miR-211-5p
----------------------------------------------------------------

To gain further insight into the molecular mechanism of miR-211-5p in the development of TNBC, we sought out to determine its gene targets in the MDA-MB-231 and MDA-MB-435 cells by interrogating the interaction between miR-211-5p and its target mRNA transcripts. As predicted by miRanda (<http://www.microrna.org/>), TargetScan (<http://www.targetscan.org/>), PicTar (<http://pictar.mdc-berlin.de/>) and PITA (<http://genie.weizmann.ac.il/pubs/mir07/>), there was complementarity between miR-211-5p and SETBP1 3′UTR ([Figure 5A and B](#fig5){ref-type="fig"}). To further confirm the functional interaction between miR-211-5p and SETBP1 generated by the target prediction algorithms, we performed luciferase reporter assays with a SETBP1 vector that contained either the putative miR-211-5p-binding sites (wild type) or the mutant-binding sites (MUT) that were contained in the 3′UTR ([Figure 5C](#fig5){ref-type="fig"}). Overexpression of miR-211-5p was achieved by transfecting MDA-MB-231 and MDA-MB-435 cells with a miR-211-5p mimic, while knockdown of miR-211-5p was achieved by transfecting MDA-MB-231 and MDA-MB-435 cells with a miR-211-5p inhibitor. Overexpression of miR-211-5p significantly reduced luciferase activity of the reporter gene in wild type, but not mutant, indicating that miR-211-5p directly targeted the SETBP1 3′UTR ([Figure 5D](#fig5){ref-type="fig"}). This effect was further confirmed by gene and protein expression. As shown in [Figure 5E and F](#fig5){ref-type="fig"}, overexpression of miR-211-5p decreased both SETBP1 protein and mRNA levels in MDA-MB-231 and MDA-MB-435 cells, while inhibition of miR-211-5p increased SETBP1 level. Taken together, the results demonstrated that miR-211-5p directly recognises the 3′-UTR of SETBP1 transcripts and regulates its expression at the posttranscriptional level.

Expression of SETBP1 restored the inhibited proliferation and invasion function of miR-211-5p
---------------------------------------------------------------------------------------------

We exogenously expressed recombinant SETBP1 lacking the 3′ UTR sequence (pcDNA3.1-SETBP1) in MDA-MB-231 cell. Western blotting showed that transfection of pcDNA3.1-SETBP1 and co-transfection of pcDNA3.1-SETBP1 and miR-211-5p increased the protein expression of SETBP1. Co-transfection of pcDNA3.1-SETBP1 and miR-211-5p abrogated the effects of miR-211-5p on SETBP1 expression ([Figure 6A](#fig6){ref-type="fig"}). Cells transfected with miR-211-5p showed significantly decreased levels of proliferation and invasion ([Figure 6B and C](#fig6){ref-type="fig"}). There are no significant differences of proliferation and invasion ability between cells transfected with pcDNA3.1-SETBP1 alone and cells co-transfected with pcDNA3.1-SETBP1 and miR-211-5p ([Figure 6B and C](#fig6){ref-type="fig"}). The results showed that expression of SETBP1 restored the inhibited proliferation and invasion function of miR-211-5p.

SETBP1 mediated multiple biological actions of miR-211-5p in breast cancer cells
--------------------------------------------------------------------------------

To determine whether SETBP1 acted as a critical mediator of miR-211-5p's role in MDA-MB-231 cell, we performed targeted knockdown of SETBP1 expression using RNA interference-based short hairpin RNA. As illustrated in [Figure 7A](#fig7){ref-type="fig"}, western blot analysis showed a significant reduction of SETBP1 protein level in cells transfected with si-SETBP1 and cells transfected with miR-211-5p. As expected, the reduction of SETBP1 expression level led to a remarkable decrease in proliferation and invasion ([Figure 7B and C](#fig7){ref-type="fig"}). These results indicated that miR-211-5p regulated the proliferation and invasion of breast cancer cells, at least in part, by downregulating SETBP1. More importantly, we evaluated the prognostic value of miR-211-5p and SETBP1 expression in a public clinical database of TNBC, and found that high miR-211-5p expression was correlated with good prognosis, while high SETBP1 expression was associated with poor prognosis.

Discussion
==========

There is growing evidence that miRNAs play a crucial role in human cancer. MiRNA expression profiling has been utilised for classification of tumour stages and prognosis ([@bib30]; [@bib11]; [@bib12]; [@bib36]). In the present study, we screened the miRNA expression pattern in TNBC tissues and serum using miRNA array and found that miR-211-5p was a TNBC-associated miRNA. Interestingly, miR-211-5p expression profile in TNBC tissues was identical to that in TNBC patients' serum. Further studies demonstrated that miR-211-5p was significantly downregulated in TNBC. Importantly, miR-211-5p expression was significantly correlated with overall survival of TNBC. These findings implicate that miR-211-5p can be used as a prognostic biomarker for TNBC.

Recently, downregulation of miR-211-5p was found in cutaneous malignant melanomas and osteoarthritis ([@bib15]; [@bib20]). However, its biological role in breast cancer remains poorly understood. In the current study, we first demonstrated that miR-211-5p can inhibit TNBC cell proliferation, migration, invasion and metastasis both *in vitro* and *in vivo*, indicating the crucial role of miR-211-5p in TNBC.

It has been reported that abnormal expression of SETBP1 was associated with juvenile myelomonocytic leukaemia ([@bib22]; [@bib26]). More importantly, the results of a genome-wide association study showed that SNPs in *SETBP1* gene could contribute to the susceptibility for breast cancer ([@bib18]). In these studies, SETBP1 was identified as an oncogene that contributed to breast cancer development. In our study, using a luciferase-based reporter assay, we demonstrated that miR-211-5p can bind to a sequence within the 3′-UTR of SETBP1. MiR-211-5p-mediated control of SETBP1 expression was further validated by complementary gain-of- and loss-of-function approaches. Importantly, overexpression of SETBP1 could effectively impede the ability of miR-211-5p to inhibit proliferation and metastasis. Our study provides solid evidence to support that miR-211-5p can inhibit proliferation and metastasis of TNBC by directly targeting SETBP1. A single protein, such as SETBP1, may not account for the multiple phenotypic effects (i.e., proliferation, apoptosis, migration and invasion). SETBP1 is a well characterised protein that is believed to inhibit PP2A phosphatase activity through SET stabilisation ([@bib19]). SETBP1 overexpression (due to lower level of miR-211-5p) protects SET from protease cleavage, increasing the amount of full-length SET protein that results in PP2A inhibition and therefore promotes proliferation and invasion. Importantly, PP2A dephosphorylates a broad range of proteins involved in multiple cellular process and dysregulation of PP2A has previously been implicated in TNBC ([@bib28]; [@bib25]). A further study that specifically analyses the effect of miR-211-5p on SET and PP2A will be done in our following genetic studies.

Of note is the finding that overexpression of miR-211-5p can inhibit proliferation and metastasis of TNBC cells in mice, implicating miR-211-5p as a potential therapeutic target of TNBC. Intriguingly, our mechanistic and functional data permit us to better appreciate the functional role of SETBP1 in human breast cancer; its expression positively regulated cell proliferation, migration, invasion and metastasis. In addition, SETBP1, a direct functional target of miR-211-5p in TNBC, would be an attractive therapeutic target because it can be precisely targeted with a specific antibody. Targeting of deregulated miRNA is expected to be a well-tolerated therapy, because differentially expressed miRNAs are often disease-specific and do not play major roles under normal physiological conditions in adult tissues or in quiescent cells ([@bib6]). In fact, miRNA knockout mice often do not display a specific phenotype, unless they are challenged with a stimulus causing cellular stress in target organs ([@bib27]). Our main hypothesis derived from the present study is that increasing levels of miR-211-5p as a posttranscriptional regulator of SETBP1 could be a therapeutic strategy for TNBC. This attractive hypothesis needs to be further tested in animal models, and strategies to apply miRNA precursors or mature miRs *in vivo* have to be developed.

In conclusion, this study provides discovery and validation of TNBC-specific miRNA transcriptome profiles. We identified that miR-211-5p is a potent tumour suppressor in TNBC, and its growth inhibitory effects are, in part, mediated through its downstream target gene, SETBP1. Using cell culture and animal model, functional characterisation for the role of miR-211-5p reveals that loss of its expression is an event in TNBC progression.

We thank all donors enroled in the present study.
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![**The miR-211-5p expression level was downregulated in TNBC tissues.** (**A**) Volcano plot of the differentially expressed miRNAs. The red points in the plot represent the differentially expressed miRNAs with statistical significance. (**B**) Heat map was generated by unsupervised clustering analysis with 18 significantly dysregulated miRNAs in TNBC tissues. Hierarchical clustering was performed with average linkage and uncentred correlation. (**C**) MiRNA expression profile in serum samples from TNBC patients. (**D**) Expression levels of miR-211-5p determined by qRT--PCR in three mammary normal cell lines and tumour cell lines. The miR-211-5p expression was normalised based on the expression of U6 RNA (six replicates per group, three independent experiments per group). (**E**) Expression levels of miR-211-5p in 82 TNBC tissues and 68 corresponding normal adjacent tissues and in 98 NTNBC tissues and 87 corresponding normal adjacent tissues. (**F**) Low levels of miR-211-5p correlated with shorter survival. Overall survival curves for all of the studied patients with high or low miR-211-5p expression. The results demonstrated that patients with low miR-211-5p expression exhibited shorter mean months of overall survival than patients with high miR-211-5p expression. TNBC, triple-negative breast cancers; NTNBC, non-triple-negative breast cancers; Hsa, human; \*\*\**P*\<0.001. Error bars represent the mean±s.e.m. A full colour version of this figure is available at the *British Journal of Cancer* journal online.](bjc2017150f1){#fig1}

![**MiR-211-5p inhibited breast cancer progression *in vitro*.** (**A**) Cells were transfected with mimic control and miR-211-5p mimic, respectively, and 48 h later, the expression of miR-211-5p was determined using RT--qPCR (three replicates per group, three independent experiments per group); cell proliferation was evaluated by the CCK-8 assay at 24, 48 and 72 h (**B**) (eight replicates per group, three independent experiments per group) and EdU assay (**C**) Magnification × 400). *n*=3, \*\*\**P*\<0.001. (**D**) The effect of miR-211-5p on colony formation was evaluated by the soft agar assay. Magnification × 200. (**E**) The effects of miR-211-5p on cell cycle was determined by FCM analysis. (**F**) MiR-211-5p mimic can promote cell apoptosis detected by FCM. (**G**) Apoptosis was assessed in cells transfected with miR-control or miR-211-5p by TUNEL. Scale bar: 50 um. Error bars represent the mean±s.e.m. A full colour version of this figure is available at the *British Journal of Cancer* journal online.](bjc2017150f2){#fig2}

![**MiR-211-5p suppressed the invasion and migration of breast cancer cells.** (**A**) Transwell invasion assay with matrigel were performed in miR-211-5p mimic or mimic control transfected MDA-MB-435 and MDA-MB-231 cells (six replicates per group, three independent experiments per group). Magnification × 400. (**B**) Transwell migration assay without matrigel were performed in miR-211-5p mimic or mimic control transfected MDA-MB-231 and MDA-MB-435 cells (six replicates per group, three independent experiments per group). Magnification × 400. (**C**) Wound-healing assay was performed in MDA-MB-435 and MDA-MB-231 cells transfected with miR-211-5p mimic or mimic control (six replicates per group, three independent experiments per group). \*\*\**P*\<0.001. Error bars represent the mean±s.e.m. A full colour version of this figure is available at the *British Journal of Cancer* journal online.](bjc2017150f3){#fig3}

![**MiR-211-5p inhibited TNBC cell growth and metastasis *in vivo*.** (**A**, **B**, **C**) Tumour growth in mouse xenograft models. MDA-MB-231 cells infected with miR-211-5p mimic lentivirus or mimic control were injected subcutaneously into nude mice. The tumour volume was measured every 4 days (three replicates per group, six independent experiments per group). After 28 days, the mice were killed, necropsies were performed and the tumours were weighed (three replicates per group, six independent experiments per group). (**D**, **E**, **F**) Tumour metastasis in a mouse orthotopic mammary xenograft tumour model. 4T1 cell overexpressing miR-211-5p mimic or mimic control were injected into the mammary fat pad. After 8 weeks, the mice were killed. MiR-211-5p can substantially suppress lung metastasis. The micrometastases in the lung per HE-stained section from individual mice were calculated and tumour cell proliferation was evaluated. Each group had eight mice. \*\*\**P*\<0.001. Magnification × 400. A full colour version of this figure is available at the *British Journal of Cancer* journal online.](bjc2017150f4){#fig4}

![**Identification of SETBP1 as a target of miR-211-5p.** (**A**) Venn diagram displaying miR-211-5p computationally predicted to target SETBP1 by four different prediction algorithms: miRanda, TargetScan, PicTar and PITA. (**B**) The structure of miR-211-5p. (**C**) Schematic representation of SETBP1 3′UTR demonstrating putative miRNA target site, luciferase activities of wild-type (WT-UTR) and mutant (MUT-UTR) constructs. (**D**) Luciferase reporter activity following expression after transfections (mimic control, miR-211-5p mimic, inhibitor control, miR-211-5p inhibitor) in MDA-MB-435 and MDA-MB-231 cells (three replicates per group, six independent experiments per group). (**E**) Real-time PCR analysis showed that overexpression of miR-211-5p can decrease SETBP1 mRNA level, while inhibition of miR-211-5p can increase SETBP1 level (six replicates per group, six independent experiments per group). (**F**) SETBP1 protein expression in MDA-MB-435 and MDA-MB-231 cells. \*\*\**P*\<0.001. Error bars represent the mean±s.e.m. A full colour version of this figure is available at the *British Journal of Cancer* journal online.](bjc2017150f5){#fig5}

![**Expression of SETBP1 restored the inhibited proliferation and invasion function of miR-211-5p.** (**A**) Cells were transfected with pcDNA3.1-SETBP1 (not including 3′UTR) and SETBP1 protein level was detected by western blot. GAPDH protein regarded as endogenous normaliser. (**B**) Cells were transfected with pcDNA3.1-SETBP1 (not including 3′ UTR) and miR-211-5p. Colony formation assays was performed (six replicates per group, three independent experiments per group). (**C**) Cells were transfected with pcDNA3.1-SETBP1 (not including 3′ UTR) and miR-211-5p (six replicates per group, three independent experiments per group). CCK-8 assays were performed. \*\*\**P*\<0.001. Error bars represent the mean±s.e.m. A full colour version of this figure is available at the *British Journal of Cancer* journal online.](bjc2017150f6){#fig6}

![**SETBP1 mediated multiple biological actions of miR-211-5p.** (**A**) Cells were transfected with si-SETBP1 and miR-211-5p. SETBP1 protein level was detected by western blot. GAPDH protein regarded as endogenous normaliser. (**B**) Cells were transfected with si-SETBP1 and miR-211-5p. Colony formation assays were performed (six replicates per group, three independent experiments per group). (**C**) Cells were transfected with si-SETBP1 and miR-211-5p (six replicates per group, three independent experiments per group). CCK-8 assays were performed. \*\*\**P*\<0.001. (**D**) Kaplan--Meier representations of the probabilities of recurrence-free survival according to the expression levels of miR-211-5p and SETBP1. Error bars represent the mean±s.e.m. A full colour version of this figure is available at the *British Journal of Cancer* journal online.](bjc2017150f7){#fig7}

###### Differentially expressed miRNAs in TNBC tissues compared with normal adjacent tissues in both the training set and the validation set

                       **Training set**   **Validation set**               
  -------------------- ------------------ -------------------- ----------- ---------------
  **Upregulated**                                                          
  Hsa-miR-155          6.9                0.34                      −             −
  Hsa-miR-130b         7.2                0.467                     −             −
  Hsa-miR-877          7.4                0.09                      −             −
  Hsa-miR-563          8.1                0.12                      −             −
  Hsa-miR-19b          6.5                0.39                      −             −
  Hsa-miR-188-5p       8.3                0.004                    5.3          0.16
  Hsa-miR-142-5p       6.2                0.56                      −             −
  Hsa-miR-32           7.6                0.27                      −             −
  Hsa-miR-423-3p       6.6                0.07                      −             −
  Hsa-miR-503          8.2                0.78                      −             −
  Hsa-miR-146a         9.6                0.91                      −             −
  **Downregulated**                                                        
  Hsa-miR-140          0.18               0.007\*\*               0.23          0.56
  Hsa-miR-122          0.13               0.26                      −             −
  Hsa-miR-486          0.09               0.87                      −             −
  Hsa-miR-127-5p       0.15               0.28                     0-             −
  Hsa-miR-9            0.11               0.43                      −             −
  Hsa-miR-124a         0.07               0.35                      −             −
  **Hsa-miR-211-5p**   **0.02**           **0.003**\*\*         **0.032**   **0.008**\*\*

Abbreviations: TNBC=triple-negative breast cancer; Hsa=human.

\*\**P*\<0.01.

Bold values indicate most downregulated miRNA.
